ABSTRACT Using preliminary evaluations, a pilot solar chimney power plant with a 1-kW nominal power output was designed and built in Kerman City, Iran. This power plant produced about 400-W electrical power at high solar irradiance, which was 60% less than its nominal potential capacity. This investigation simulated fluid flow and heat transfer characteristics through this pilot, using ANSYS Fluent. The model was validated by comparing the results with the measured data of the Kerman pilot power plant. Then, parametric studies were performed to improve the main configurations of the system. The configuration of the system was improved by considering the collector and chimney dimensions. The collector inlet and outlet heights were re-designed, and then, the system was scaled at the factors of 1, 1.5, 3, and 5 in the radial direction, with three chimney heights of 60, 90, and 120 m. It was found that the collector of the Kerman pilot reached its maximum efficiency when its height was increased from 1 m at the collector inlet to 2 m at the collector outlet. Finally, a configuration to produce a power output of 1 kW was determined, with a scale factor of 1.5. More investigations to improve the system performance were conducted, and the velocity and temperature distributions for configurations with a scale factor of 3 at three different chimney heights were illustrated.
I. INTRODUCTION
A solar chimney power plant (SCPP) is a type of solar thermal power system which collects both direct and diffuse solar radiation to convert thermal energy into electricity. A conventional SCPP has four main parts: a solar collector; a tower called a chimney, which is located at the center of the solar collector; the ground, which is generally used as the energy storage media; and a wind turbine. The solar collector and the ground are covered by a semi-transparent roof, typically made of glass. Short-wavelength solar radiation can freely pass through the collector's roof and then is absorbed by the storage media, which causes an increase in the temperature of its surface. Because the radiation emitted from the ground surface is in the long wavelength radiation range, the collector roof is practically opaque to the emitted radiation. Consequently, the heat trapped by the solar collector causes the temperature inside the collector to increase (the greenhouse effect). As the air beneath the collector becomes warmer, its density decreases and as a result, the air inside the collector becomes lighter than the air inside the chimney. Accordingly, its upward buoyancy forced through the chimney produces a continuous updraft. To convert the energy available in the airflow into mechanical energy a wind turbine is installed at the chimney base and finally, a generator converts the mechanical energy into electricity. A prototype SCPP was built in Manzanares, Spain, in 1982, with a nominal output capacity of 50 kW and was tested for seven years [1] . The Manzanares prototype had a collector with a radius and mean height of 122 m and 1.85 m, respectively. The diameter and height of its chimney were 10 m and 194.6 m, respectively, and a wind turbine was installed at its base.
The theoretical modeling and test results of the Manzanares prototype reported by Haaf et al. [2] and Haaf [3] demonstrated the feasibility of the SCPP concept. Since then, investigations on the performance of the SCPP systems have been widely carried out [4] - [18] . The first computational fluid dynamics (CFD) code using the finite volume method, which was developed by Bernardes et al. [19] , solves the Navier-Stokes and energy equations in the steady state for a natural laminar convection. Afterward, Pastohr et al. [20] employed a commercial CFD package to simulate a solar chimney. In recent years, the use of commercial CFD packages to analyze fluid flow and heat transfer in SCPP systems has widely increased. Most of the first attempts were carried out in a 2-D Axisymmetric system. However, in 2-D models, the CFD packages are limited to modeling an opaque medium. Hence, in those investigations some non-physical boundary conditions were imposed to model heat transfer inside the collector. In [20] - [23] , a uniform heat source within the air, a heat source for the thin ground layer, specific wall temperatures or heat fluxes were developed in 2-D Axisymmetric modeling. Recently, in [24] - [28] , 3-D CFD models were developed which simulated a semi-transparent medium for the collector roof. In [29] , a comprehensive updated review including the experimental, analytical and numerical investigations of the solar chimney applications was presented. To study the feasibility of SCPP systems in the central desert areas of Iran, a pilot was built in Kerman City ( Fig. 1 ) with a nominal power output of 1kW. The Kerman pilot had a chimney with a height and diameter of 60 m and 3 m, respectively. Its solar collector was covered with a single glazed roof with a radius and a mean height of 20 m and 2m, respectively. This pilot could only produce about 400 Watts at its highest power output production. This study investigates the fluid flow and heat transfer characteristics of the Kerman pilot system using ANSYS Fluent. Then, to improve its performance, a parametric study is performed on the dimensional parameters of the Kerman pilot. The system performance is analyzed by accurate calculations of the collector and chimney efficiencies using the CFD results.
II. GEOGRAPHICAL CHARACTERISTICS OF THE KERMAN CITY REGION
Kerman is a sunny city located in the central region of Iran (latitude 30ř 17' North and longitude 57ř 5' East) surrounded by desert areas. The average solar irradiation in Kerman City is more than 2000 kWh/m 2 year and the number of solar hours in this area is almost 2800 hours in a year [30] . Hence, the potential electrical power that can be produced by solar energy in this region is high. On the other hand, the extreme deficit of water in these desert areas is a major limitation when it comes to constructing conventional thermal power stations, which need an abundant water supply. Unlike conventional power stations, and some other solar thermal power station types, SCPPs do not need cooling water, an advantage which was key to the decision to build this type of solar technology in Kerman City. The SCPP technology is one of the most promising and practical ways to produce electricity from solar energy in these conditions.
III. NUMERICAL PROCEDURE, COMPUTATIONAL DOMAIN, AND BOUNDARY CONDITIONS
To simulate the fluid flow and heat transfer through the system, the steady-state conservation equations of mass, momentum, and energy coupled to the radiative-transfer equation were solved using the Commercial CFD package ANSYS Fluent 15 [31] . The governing equations for turbulent flow are listed as below:
Continuity Equation:
Momentum Equation:
The energy equation is defined as follow:
To evaluate the strength of the buoyancy-driven flow through the system the Rayleigh number is calculated. Because the Rayleigh number was within the turbulent regime (Ra > 10 10 ), the turbulent flow was simulated using the RNG k-ε turbulence closure. Scalable wall functions were employed for the near-wall treatment to simulate the turbulent model in the boundary layer. The Boussinesq approximation was used to simulate the buoyancy-driven flow. The reverse fan interior boundary condition was simulated to account for the pressure drop across the turbine at the chimney base.
The Discrete Ordinates (Do) radiation model is able to simulate radiation through a semi-transparent collector roof with non-grey radiation behavior. Therefore, this model was chosen to discretize the radiative transfer equation integrated VOLUME 6, 2018 to each wavelength band λ which were assumed to be grey. The radiative transfer equation is described as follow:
The solar ray-tracing algorithm of the solar model was employed to calculate the direct illumination energy source resulting from the incident solar radiation. The wavelength of the solar radiation received by the collector roof is within the range of 0.29 to 2.5 µm [32] . The collector is covered by a semi-transparent roof that has high transmittance through the visible solar band, but low infrared transmittance. The optical properties (absorptivity and transmissivity) of the collector roof medium (e.g. glass) were separated into different bands including a visible band (0.38 < λ < 0.78 µm) and an infrared (λ > 0.78 µm) band.
The geometric parameters of the Kerman pilot SCPP are as follows: they include a collector radius of 20 m, a collector mean height of 2 m covered by single-glazed glass, a chimney diameter of 3 m, and a chimney height of 60 m. To simulate this system, a three-dimensional structured mesh with refined grids near the walls was adopted (Fig. 2) . A mesh study was performed to obtain grid independent solutions, using three different mesh sizes. To verify the solution insensitivity, the mass flow rate of the system and the temperature rise through the collector were captured. The hexahedral fine cell sizes in the flow direction were in the range of 0.05 m to 0.2 m. The number of grid elements inside the computational domain was about 1,300,000. Details about the relative differences in the results for the coarse and intermediate meshes and the fine mesh are shown in Table 1 .
The thickness of the ground in the computational domain was set to 5 m, and the bottom temperature was set as the ambient temperature. The glazed roof of the collector was modeled as a semi-transparent medium and the convection and solar radiation were set as the roof boundary conditions. The pressure inlet and pressure outlet were set to the collector inlet and the chimney outlet, respectively, for which, the values were set to 0 Pa to simulate the buoyancy-driven flow through the system. To model the turbine at the chimney base the reverse fan interior boundary condition was modeled, and the value of the pressure jump was calculated using an iterative approach [25] . The turbine efficiency of the system was assumed to be 0.8. The external chimney surface was assumed to be an adiabatic wall. The pressure-based coupled algorithm was adopted to solve the coupled systems of the equations.
IV. THE SYSTEM PERFORMANCE CALCULATION
The numerical results obtained by the CFD approach were used to evaluate the system performance. The collector efficiency is calculated as the ratio of the enthalpy rise inside the collector to the entrance solar energy, as given below:
where h stands for the airflow enthalpy increase through the collector. The chimney efficiency is defined as follows:
Then, the total efficiency and the power output of the SCPP can be calculated by the following equations:
The Total Efficiency:
The power output:
V. RESULTS AND DISCUSSION
The fluid flow and heat transfer characteristics of the Kerman pilot SCPP were considered. The solar irradiation which enters through the collector roof into the computational area was calculated using the Solar Load Model of ANSYS Fluent taking into account the time, date, and geographical location of the site. The simulations were conducted at midday on June 21 th when the solar irradiation was 882 W/m 2 . The model used to simulate the system was validated by comparing the results with the measured data of the Kerman pilot SCPP. The measured mass flow rate and collector efficiency of the Kerman pilot power plant in the loaded condition were about 28.5 kg/s and 24.4 %, respectively. The numerical model predicted the mass flow rate of 29.33 kg/s and, the collector efficiency of 25.9%, which are in close agreements with the measured data of the Kerman pilot SCPP. Moreover, the numerical model predicted a power output of about 430 Watts, which is in a good agreement with the measured electrical power of 400 Watts produced by the Kerman pilot SCPP at its highest performance. The simulations were conducted under two different conditions: the no-load condition (no-turbine set up) and the loaded condition (during turbine operation).
A. FLUID FLOW AND HEAT TRANSFER OF THE KERMAN PILOT 1) DISTRIBUTION OF VELOCITY
The velocity distributions through the Kerman pilot under two different conditions, the no-load and loaded conditions, are illustrated in Fig. 3 . The influence of the turbine operation on the velocity distribution inside the Kerman pilot can be evaluated by comparing Figs. 3.a and 3.b. The average velocity at the turbine base in the no-load condition is about 5.09 m/s, while it reaches 3.86 m/s in the loaded condition. It can be seen that the turbine operation has a significant effect on the airflow. The main reason is that the pressure drop across the turbine creates a drag force against the flow which causes a significant reduction in the mass flow rate. Moreover, the airflow reaches its maximum velocity at the chimney base. Fig. 4 shows the temperature distributions through the airflow and inside the energy storage media in the Kerman pilot for the no-load and loaded conditions. Comparing Figs. 4.a and 4.b, it can be seen that when the turbine operates change of the airflow temperature increases in the collector. The main reason for this is that, in the loaded condition the mass flow rate decreases, and the average time that the air remains inside the collector increases, and therefore, the air inside the collector is heated more, compared to the no-load condition. That is, the mass flow rate of the system in the loaded condition is lower. Hence, the enthalpy change through the collector in the loaded condition is affected by two significant parameters, which are an increase in the temperature rise in the collector and a decrease in the mass flow rate. Table 2 compares the mass flow rate, temperature rise, and collector efficiency of the Kerman pilot in the no-load and loaded conditions. It was found that the collector efficiency in the loaded condition was lower than in the no-load condition. The measured mass flow rate and collector efficiency of the system in the loaded condition were about 28.5 kg/s and 24.4 %, respectively.
2) DISTRIBUTION OF TEMPERATURE

B. PARAMETRIC STUDY
To develop the performance of the Kerman pilot, a number of parametric studies on its geometrical parameters were performed. These parameters included the inlet and outlet collector heights, the collector radius, and the chimney height and the chimney diameter.
1) CONFIGURATION OF THE SOLAR COLLECTOR
First, the configuration of the collector was considered. The flat collector of the Kerman pilot had a height of 2m (H1 = H2 = 2m). A parametric study on the roof inclination was performed by setting the inlet collector height (H1) and VOLUME 6, 2018 the outlet collector height (H2). H1 was fixed to three different values; 0.5m, 1m, and 1.5m. Then, for each case, the roof inclination was adjusted by increasing H2 from the value of H1 to 2m with a step of 0.5m. Hence, 10 different configurations with respect to the collector radius as well as other structural parameters of the Kerman pilot were considered. Fig. 5 shows the collector efficiency for each case in loaded condition. The Kerman pilot collector efficiency reached its maximum value when H1 and H2 were 1m and 2m, respectively. Hence, this configuration was selected to develop the Kerman pilot performance.
2) SCALING THE CONFIGURATION OF THE KERMAN PILOT
To perform a parametric study, the collector radius and the chimney diameter of the system were scaled in the radial direction when the chimney heights were fixed to 60m, 90m, and 120m. Simulations were conducted by implementing different scale factors (SF), of 1, 1.5, 3, and 5. Altogether, 12 different configurations were studied and compared. However, it should be mentioned that for obtaining an optimal SF, an optimization approach to find an optimal chimney diameter can be conducted [7] . The mass flow rates of these configurations are shown in Fig. 6 . It can be seen that smaller power plants are not able to produce a high mass flow. Moreover, at a small SF value, the mass flow rate increases slightly when the chimney height is increased. In contrast, at a higher SF value, an increase in the chimney height causes a notable increase in the mass flow. Fig. 7 shows the power output for any simulated configuration. It can be observed that the diagrams of the power output have the same trend as those for the mass flow rate. The maximum obtained power output of a system with the SF value of 1 (corresponding to a system with the same collector and chimney diameter as the Kerman Pilot, and different chimney heights) reaches 0.78kW when the chimney height is increased to 120m. Hence, it was found that a system with SF=1 is not able to produce 1 kilowatt power output only by increasing the chimney height with respect to its range. Hence, the system was scaled in the radial direction with an SF of 1.5. For this case, the power output increases from 1kW to 1.75kW when the chimney height is increased from 60m to 120m. Moreover, according to Fig. 7 , at higher SF values, the power output increases at a higher rate when the chimney height is increased.
3) CFD SIMULATION RESULTS
The preliminary goal for building the Kerman pilot was to study on the feasibility of an SCPP in the desert area of Iran. Hence, the Kerman pilot was designed to produce 1kW power. However, in actuality the Kerman pilot was only able to produce 400 Watts electrical power at its highest performance, which was 60% less than its nominal potential capacity. The numerical model also predicted a power output of about 430 Watts.
In previous sections, the performance of the Kerman pilot was considered, and then, a parametric study to improve its performance was performed. According to Fig. 7 , a system with an SF of 1.5 and a chimney height of 60m (the same chimney height as the Kerman pilot) should be able to produce a power output of 1kW. The velocity and temperature distributions through this system in loaded condition are illustrated in Figs. 8.a and 8 .b, respectively. The airflow reaches an average velocity of 4.06 m/s at the chimney base.
Next, simulations with an SF of 3 at the three chimney heights in loaded condition were performed. The velocity distributions through the systems with the simulated configurations are illustrated in Fig. 9 . The average velocity at the chimney base increases from 4.24 m/s to 5.73 m/s when the chimney height is increased from 60 m to 120 m. . 10 shows the temperature distributions for the corresponding configurations. In a system with a higher chimney height, in which the mass flow rate is higher, the average heating time of the airflow through the collector is lower, which results in a decrease in the collector temperature rise. Hence, an increase in the chimney height causes an increase in the mass flow rate on the one hand, but a decrease in temperature rise through the collector on the other hand.
To investigate the effect of the tradeoff between the mass flow rate and temperature rise on the collector efficiency, the efficiencies of the systems were calculated for three different chimney heights. The values of the collector efficiencies were 28.61%, 29.54%, and 29.03% while the chimney heights were 60m, 90m, and 120m, respectively. It was found VOLUME 6, 2018 FIGURE 9. Velocity distributions (m/s) through systems with an SF of 3 and chimney heights of 60m (9.a), 90m (9.b), and 120m (9.c) in the loaded condition.
that the increase in the chimney height from 60m to 90m causes an increase in the collector efficiency, which shows that the effect of the mass flow rate on the increase in enthalpy rise inside the collector is dominant, compared to the effect of a decrease in temperature rise resulting from a decrease in the enthalpy rise. An increase in the chimney height from 90m to 120m causes a drop in collector efficiency.
VI. CONCLUSIONS
In this paper, first, the fluid flow and heat transfer characteristics of a pilot solar chimney built in Kerman City, Iran were simulated using CFD. Because the operating capacity of this pilot was lower than the initially expected performance, which was 1kW power output, a parametric study to improve its performance was performed.
First, the configuration of the inclined solar collector was considered by changing its inlet and outlet heights. Then, other main parameters including the collector radius, and the chimney height and diameter were taken into account by scaling the structural configuration of the Kerman pilot. The pilot was scaled with SFs of 1, 1.5, 3, and 5 in the radial direction at three chimney heights, of 60m, 90m, and 120m. The results showed that the Kerman pilot collector gained its maximum performance when its height was increased from 1m at the collector inlet to 2m at the collector outlet. Therefore, this configuration was selected to improve the Kerman pilot performance. Moreover, the mass flow rate and power output were determined for different scaled configurations. It was found that the existing configuration of the Kerman pilot, corresponding to an SF value of 1, was not able to produce the expected power output when the chimney height was increased from 60m to 120m.
However, a power output of about 1kW was obtained with an SF of 1.5. In addition, velocity and temperature distributions for the configurations with an SF of 3 at three chimney heights were illustrated. It can be concluded that the methodology presented in this investigation is applicable to the design of an SCPP system. 
